Both CD-1 and C57BL/6 wildtype (C57BL/6-WT) mice show equivalent short-term lung toxicity from exposures to styrene, while long-term tumor responses are greater in CD-1 mice. We analyzed lung gene expression from styrene exposures lasting from 1-day to 2-years in male mice from these two strains, including a Cyp2f2(−/−) knockout (C57BL/6-KO) and a Cyp2F1/2A13/2B6 transgenic mouse (C57BL/6-TG). With short term exposures (1-day to 1-week), CD-1 and C57BL/6-WT mice had thousands of differentially expressed genes (DEGs), consistent with changes in pathways for cell proliferation, cellular lipid metabolism, DNA-replication and inflammation. C57BL/6-WT mice responded within a single day; CD-1 mice required several days of exposure. The numbers of exposure related DEGs were greatly reduced at longer times (4-weeks to 2-years) with enrichment only for biological oxidations in C57BL/6-WT and metabolism of lipids and lipoproteins in CD-1. Gene expression results indicate a non-genotoxic, mouse specific mode of action for short-term styrene responses related to activation of nuclear receptor signaling and cell proliferation. Greater tumor susceptibility in CD-1 mice correlated with the presence of the Pas1 loci, differential Cytochrome P450 gene expression, down-regulation of Nr4a, and greater inflammatory pathway activation. Very few exposure-related responses occurred at any time in C57BL/6-KO or -TG mice indicating that neither the short term nor long term responses of styrene in mice are relevant endpoints for assessing human risks.
Introduction
Many toxicology, mode of action (MOA), metabolism and pharmacokinetic studies have been conducted in rodents with styrene (Cruzan et al., 2012 (Cruzan et al., , 2013 which induces tumors in mice but not in rats. In short term exposures in mice, there were increases in LDH in bronchoalveolar lavage fluid (Gadberry et al., 1996) and in cell proliferation in distal airways (Green et al., 2001) . These lung responses were dependent on styrene metabolism by the mouse-specific Cyp2f2 producing ring-oxidized metabolites, ROMs (Cruzan et al., 2012) . These studies also indicated that 7,8-styrene oxide, the primary Cyp2e1-mediated oxidative metabolite of styrene in rodents and humans, was not the proximate lung metabolite of styrene (Cruzan et al., 2012) . The requirement for Cyp2f2-mediated metabolism has been established in that mouse lung toxicity was attenuated with inhibitors of Cyp2f2 and absent in Cyp2f2-knockout mice on the C57BL/6-WT background (C56BL/6-KO mice). In addition, no toxicity occurred in a humanized transgenic mouse (C57BL/6-TG) with three human Cytochrome P450s, 2F1, 2A13 and 2B6, inserted on the C57BL/6 Cyp2f2 (−/−) background, indicating that these effects of styrene would not be expected in https://doi.org/10.1016/j.yrtph.2018.05.011 Received 4 March 2018; Received in revised form 10 May 2018; Accepted 15 May 2018 exposed human populations. All of these data raise issues with the use of rodent models for styrene exposure when assessing human cancer risk (Cruzan et al., 2018) .
In inhalation cancer bioassays, both male and female CD-1 mice had increased occurrence of pulmonary adenoma and adenocarcinoma at concentrations of 40 ppm and higher (Collins et al., 2013; Cruzan et al., 2001) . While some histopathological responses were present in the olfactory epithelium in nasal mucosa in rats in a two-year study, neither lung toxicity nor tumors were found in F344/N rats (Cruzan et al., 1998) . There are also mouse strain differences in tumor susceptibility. While CD-1 and C57BL/6-WT mice have similar short-term lung responses, they have very different tumor responses. In a two-year study, pulmonary hyperplasia was assessed in C57BL/6-WT, -KO, -TG and CD-1 mice after exposures to 120 ppm for 1-, 26-, 52-, 78-and 104-weeks (Cruzan et al., 2017) . Although both CD-1 and C57BL/6-WT mice had increased hyperplasia throughout the study, this response was absent in the C57BL/6-KO and C57BL/6-TG mice. The incidence of lung adenomas and adenocarcinomas, however, was higher in the CD-1 mice (21/67 in air-exposed controls and 31/67 in the 120 ppm styrene group) than in C57BL/6-WT mice (3/69 in control and 1/70 in the 120 ppm styrene). Historically, some worker populations in the fiberglass composites industry are exposed at concentrations similar to those causing cancer in mice. However, there was no evidence of increased cancer risk in any tissue in these populations (Boffetta et al., 2009; Collins et al., 2013) . Collins and Detzell (2018) recently reviewed the published studies of cancer among workers exposed to styrene and performed meta-analysis of the risk of death from selected cancer types. They concluded that increased lung cancer deaths among reinforced plastics workers was not related to styrene exposure, but to a higher percentage of workers who were smokers compared to the unexposed comparison groups (Collins and Detzell, 2018) . Overall, the suite of studies with styrene supports a conclusion that the lung tumor responses occur in specific strains of mice and not in rats or humans.
Recently, we conducted studies examining gene expression in lungs of C57BL/6 mice exposed to styrene for 1-day and 1-, 4-and 26-weeks with exposures for 5-days/week and 6hr/day using male mice from the parental C57BL/6-WT and -KO and -TG mice (Andersen et al., 2017) . In the C57BL/6-WT mice thousands of differentially expressed genes (DEGs) were found 24 h after a single 6 h exposure. This response was absent in the C57BL/6-KO and C57BL/6-TG strains. There was a steady decrease in the numbers of DEGs at 40 and 120 ppm in the longer duration exposures extending to 26-weeks. At these longer times and already evident at 1-week, there were consistent changes in key circadian signaling transcription factor genes (TF) and in other TFs that link circadian processes to cellular metabolism through D-box proteins (Jolley et al., 2014) . TF responses were lesser in magnitude and inconsistent in C57BL/6-KO or -TG mice compared to the C57BL/6-WT strain. While these studies showed the requirement for Cyp2f2 metabolism and the absence of response in Cyp2F1 humanized mice, it is difficult to fully evaluate the role of gene expression in mouse lung tumors formation from studies in a strain different from that used in the bioassay. Furthermore, our earlier studies covered only the first halfyear of exposure rather than the full-two-year time course evaluated in typical rodent cancer protocol.
The present studies examined gene expression studies across the full two years of exposure in both CD-1 and C57BL/6 strains of mice. We did this by updating the initial gene expression study to include gene expression results at longer times, 52-, 78-and 104-weeks, in the C57BL/6-WT, -KO and -TG mice and by expanding the analysis to include a similar lung gene expression data set for CD-1 mice. The combination of these diverse studies permits assessment of the overall role of CYP2f2 in lung toxicity, extends observations on the inability of human CYP2F1 to cause lung toxicity in the C57BL/6 mouse and provides an opportunity to consider patterns of gene expression in two mouse strains, the C57BL/6-WT and CD-1 mice, that differ substantially in their susceptibility to lung tumor formation from styrene exposures.
Methods

The suite of in life studies
A total of four in-life studies were conducted evaluating effects of styrene on whole genome gene expression in mouse lungs (Table 1) . The various studies included the 4 strains of mice: C57BL/6-WT, -KO, -TG and CD-1. The first study included the three C57BL/6 strains with 1 and 4 week exposures at 0, 40 and 120 ppm. The second study had a broader dose-response over 7 concentrations, 0, 1, 5, 10, 20, 40 and 120 ppm. Here, the C57BL/6-WT mice were exposed for 1-day and the CD-1 were exposed for 5-days. The third study had exposures over 104-weeks at a single exposure concentration (120 ppm) in all 4 strains. This study also included interim sacrifices of 5 mice at 26-, 52-and 78-weeks with a larger number of mice included at the 104 week sacrifice to assess tumor incidence in the strains. The toxicity comparisons among the various strains from this two-year study have been described in a separate publication (Cruzan et al., 2017) . After preliminary analysis of results from these first three studies, it was clear that there would be value in completing 1-day exposures in all four strains of mice. The fourth and final study was conducted at WIL Laboratories rather than at The Hamner Institutes for Health Sciences which had ceased operations at the end of 2015. The collation of all these studies provides a genomics data set with tissue collected after 1-day and 1-, 4-, 26-, 52-, 78-and 104-week exposures for all 4 mice strains with the exception of no 4-week time point for the CD-1 mice. The details of the in-life studies and the gene expression data analysis have been described in the earlier paper that serves as more complete descriptions of the studies (Andersen et al., 2017) . All gene expression array files have been submitted to the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) as described in Table 1 .
Mice
In all studies, C57BL/6-WT, -KO and -TG male mice were obtained from Taconic Biosciences, Inc., Hudson, NY. CD-1 mice for the 1-day study and the 1-day and 5-week exposure response study were from Table 1 Summary of mouse lung Styrene exposure transcriptomic studies (duration of exposure, mice strains exposed and concentrations of Styrene used) and their NCBI GEO accession numbers (the separate entries, GSE75156 & GSE75157 are also part of the GEO Superseries, GSE75159). Study 1, 2 and 4 included 5 biological replicates for each strain at each concentration and time point. Study 3 included 4 or 5 replicates for each strain (vehicle and exposed animals) at the 26-week and 52-week time points and at the 78-week and 104-week time points for the C57BL/6-KO and C57BL/6-TG. However, study 3 at 78 weeks retained only 3 vehicle controls for the C57BL/6-WT and only 3 exposed animals for the CD-1 strain. There were at least four animals sampled for each of these two strains at 104 weeks though. M.E. Andersen et al. Regulatory Toxicology and Pharmacology 96 (2018) 153-166 Charles River Laboratories, Inc., Raleigh, NC. The CD-1 mice for the two year study were from Charles River, Kingston, NY. Only male mice were investigated since they generally have a higher incidence of spontaneous lung tumors and are more susceptible to chemically-induced tumor tumors (Cruzan et al., 2001 ). Mice were stratified by weight, randomly assigned to control or exposed group and then identified by ear tag and cage card. They were housed individually and fed certified PicoLab Rodent Diet 20 (Lab Diet, St. Louis) ad libitum. Reverse-osmosis treated tap water was supplied ad libitum in polycarbonate water bottles with stainless steel sipper tubes. In the 6 h exposure periods, the mice were housed individually in hanging stainless steel wire-mesh cages (Hazelton M-48) that were placed either in 8 m 3 or 1 m 3 inhalation chambers. While water was available ad libitum during exposure, there was no food present. Temperatures were between 20 and 26°C; relative humidity was from 30 to 70%; and mice were on a 12 h light cycle. The animal facilities at both Hamner and WIL were accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care International. Animal use in these studies was approved by the Institutional Animal and Use Care Committees at the respective laboratories, Hamner Institute for Health Sciences or WIL Research, and was conducted in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals.
Inhalation exposures
Styrene monomer PO-11 Bulk Grade (CAS # 100-42-5, 99.95%) was obtained from Lyondell Chemical Company, Houston, TX. A certificate of analysis accompanied each shipment. An inhibitor of styrene polymer formation, t-butyl catechol, was added to the styrene by the producer at 10-15 ppm. Styrene was shipped in 1L glass bottles multiple times throughout each study (but from the same production lot) and stored at ambient temperature in an air-conditioned room. Styrene vapor was generated by metering liquid styrene, using an FMI pump, into the upper portion of a J-tube filled with glass beads. As liquid styrene flowed down over the beads, nitrogen, approximately 25 L/min, flowed upward through the glass beads to carry vapors out of the Jtube. A heating jacket, which did not exceed 145°C, was used to warm the J-tube and contents and aid vaporization. The rate of liquid styrene introduction into the J-tube was regulated to produce appropriate concentrations in the inhalation chamber. A similar set was used for the control chamber, except no styrene was metered into the J-tube.
Styrene concentration was measured using an infrared spectrophotometer (MIRAN 1A, Foxboro Co, Norwalk, CT) and was continuously recorded using an automated system (Provantis™). Uniformity of chamber concentration was checked by measuring concentrations in various locations within the chambers before the start of animal exposures. Chambers were monitored continuously for temperature, humidity, airflow and differential pressure relative to the room. Inhalation chambers were stainless steel and glass, either 1 m 3 H1000 (Lab Products, Seaford DE) or Hinners-style custom 8 m 3 (Hinners et al., 1968) .
The 1-and 4-week study
Only three concentrations (0, 40 and 120 ppm) were used in this study. These concentrations were selected because they increase the incidence of lung tumors in the CD-1 mice (Cruzan et al., 2001) . Eight mice per treatment group were used in gene expression studies. Exposures were by whole body inhalation for 6 h/day, 5 day/week in 8 m 3 chambers. For the 1-week exposures, analytical concentrations were 0.0 ± 0.0, 40.9 ± 2.0 and 118.9 ± 1.2 ppm. For the 4-week exposures, the average daily analytical concentrations over the course of the exposures were 0.0 ± 0.0, 39.6 ± 1.6 and 119.1 ± 2.5 ppm. Body weights and food consumption were measured throughout the study. Details of sampling tissues for histopathology and cell proliferation were previously described (Andersen et al., 2017) .
2.5. The 1-day (C57BL/6-WT) and 1-week (CD-1) dose responses study Mice were exposed by whole-body inhalation for 6 h in 1-m 3 stainless steel and glass chambers (H1000, Lab Products, Seaford, DE) operated at approximately 250 L/min airflow rate (15 air changes/ hour). One chamber was used per exposure concentration and all exposures were completed on the same day. Urine and feces were captured with stainless steel pans. Daily styrene concentrations for the 1-day gene expression group were 0.0, 1. 02, 4.87, 9.85, 20.78, 40 .14 and 117.60 ppm for the target exposure concentrations of 0, 1, 5, 10, 20, 40 and 120 ppm, respectively. Each group consisted of 8 mice with both lung and liver taken for gene expression analysis and histoptathology. For the 5-day study, analytical mean concentrations were 0.0 ± 0.0, 1.02 ± 0. 02, 4.87 ± 0.15, 9.75 ± 0.19, 19 .45 ± 1.43) 36.69 ± 0.89 and 118.24 ± 1.47 ppm.
The two year study
Based on the results of previous toxicity and carcinogenicity studies, the 2-year study had only a single target styrene concentration, 120 ppm, plus air only control. The analytical exposure concentrations over the 2-year period were 120 ± 0.17 ppm and 0.0 ± 0.0 ppm. Five mice were euthanized after 1-, 26-, 52-, 78-and 104-weeks for histopathology. Gene expression, histopathology and Ki-67 staining were completed on all these lung samples. Since the 1-week genomics results were already available from the 1-and 4-week protocol, gene expression was not repeated on the 1-week samples.
The 1-day study in all 4 strains
Ten mice of each strain were exposed to styrene at 0.0 ± 0.00, 10.3 ± 0.08, 39.7 ± 0.33 or 120.4 ± 0.72 ppm. Individual body weights at the initiation of exposures were 16.6-24.0 g for C57BL/6-WT mice, 18.0-23.7 g for C57BL/6-KO mice, and from 19.1 to 24.7 g for C57BL/6-TG mice. Cell proliferation (by Ki-67 staining) and histopathology were by Ki-67 staining as described in the two previous papers.
Gene expression
Necropsies began at the same time of day as the usual time of the start of the exposures, taking place approximately 18 h after the last scheduled exposure. Lung tissues for RNA were rapidly collected and added to RNAlater™ (ThermoFisher Scientific) to ensure retention of high quality sample for microarray analysis. RNA quality was evaluated in 8 samples per group with the 5 highest quality RNA samples selected for transcriptomic analysis. The RNA samples were run on a single 96-peg Affymetrix HT_MG430_PM Gene Titan Array system (Affymetrix, Santa Clara, CA). Affymetrix CEL files were normalized using the Robust Multi-array Average (RMA) algorithm (Irizarry et al., 2003) in Partek Genomics Suite version 6.6 (Partek Inc., St. Louis MO), and analyzed by 1-or 2-way ANOVA (dependent on study design) with orthogonal linear contrasts for each individual exposure concentration. Significant differential gene expression was determined for genes showing a concentration-dependent response across all concentrations, as well as those showing a specific concentration response, relative to air controls, independently. With the 1-week and 4-week studies, principle component analysis (PCA) of the normalized array data showed a significant separation of the data by the two time points. Subsequently, each of the two-time points was analyzed independently by 2-way ANOVA with orthogonal linear contrasts for pair-wise comparisons. The 1-day study in all 4 strains also showed significant PCA differences by strain (data not shown, with CD-1 clustering separately from the three C57Bl/6 strains) and therefore these data were normalized and analyzed separately by strain.
Differential gene expression was determined hierarchically using different thresholds of change. A statistical threshold of change, determined by multiplicity adjusted p-values and expressed as a False Discovery Rate (FDR) of less than 0.05 (Benjamini and Hochberg, 1995) , and by a magnitude of change threshold, where the estimated fold change of a gene must be greater than some specified, predetermined value (e.g., 1.5-fold up-regulated or 1.5-fold down-regulated, relative to the common control samples and referred to here as the absolute value of fold change |FC| > 1.5).
Statistical testing was performed on the whole array that has 45,037 probes representing 20,627 unique annotated genes. Once probes passing a significance threshold were identified, all unannotated and promiscuous probes were discarded. All remaining annotated probes were counted once for gene IDs with redundant probes, to produce a final list of unique genes passing the significance threshold. These lists of unique, differentially expressed genes were then used for ontology enrichment analysis. By this method, ontology enrichment was based on aggregate signatures for genes which had passed significance thresholds for change (up or down regulation) relative to vehicle controls and was not dependent on any particular gene or even group of genes.
Ontology enrichment
Our methods for pathway enrichment and dose response have been documented in multiple publications (Andersen et al., 2010; Thomas et al., 2007; Yang et al., 2007) . Enrichment analyses were performed using the Reactome ontology platform (www.reactome.org) and displayed in a pictorial format with a measure of the statistical significance of the enrichment. These representations graphically capture the relationship among the pathways for the individual treatments and allow dose response or tissue-to-tissue comparisons of up to three separate treatment groups (Black et al., 2015; McMullen et al., 2014; Pendse, 2014) . The basis of these graphical presentations of enrichment is the sequential progression outward from central nodes of broadly defined "parent" categories on to more functionally restrictive groups of "child" categories with discrete biochemical pathways.
Each of the nodes in these figures corresponds to a functional ontology category that has a particular number of genes defined by the pattern of gene expression. Nodes in an enrichment map are displayed graphically where the size is proportional to the number of differentially expressed genes in the category relative to the total number of elements placed in the category by the ontology. We also use color to indicate either statistical significance or, as a tool, in comparing patterns of enrichment determined from different gene lists. Up to three independent gene lists can be compared simultaneously for their patterns of enrichment and the overlap of enriched categories among the groups can be visualized.
IDEA enrichment
It is challenging to decide on the specific criteria for inclusion of the genes for enrichment analysis using statistical significance and/or |FC|. These decisions become particularly difficult in cases where the numbers of DEGs are small. For these situations, an alternative approach, information-dependent enrichment analysis (IDEA), was developed (Pendse et al., 2017) . IDEA considers the ranking of changes in expression of all genes to estimate enrichment and estimates enrichment based on sequential sampling of gene lists in relation to their changes in expression. With this approach, enrichment is evaluated with gene lists of various sizes until a list is generated that returns a minimum value for an FDR statistic. One advantage of the IDEA approach is that information on responses of all genes is retained for the analysis rather than using a specific, though generally arbitrary, fold-change cut off to limit the number of genes in the test set.
Dose response analysis of gene expression
Benchmark dose analysis of the gene expression results for the 1-day and 1-week dose responses studies was performed with BMDExpress, version 1.41 (Yang et al., 2007) . Normalized log 2 transformed expression values for each probe on the array were fit as continuous data to linear, 2°& 3°polynomial, and power models. The power coefficient was restricted to ≥1 for the power model. Each model was run assuming constant variance and the benchmark response (BMR) factor was set to 1.349 multiplied by the standard deviation in the control animals to estimate a BMD with a 10% increase in tail area (Thomas et al., 2007) . For model selection, a nested likelihood ratio test was performed on the linear and 2°& 3°polynomial models to select a best fitting general linear model. If the more complex model provided a significantly improved fit (p < 0.05), the more complex model was selected. If the more complex model did not provide a significantly improved fit (p ≥ 0.05), the simpler model was selected (Posada and Buckley, 2004) . The Akaike information criterion (AIC) for the selected polynomial model was then compared with the AIC for the power model. The model with the lowest AIC (Akaike, 1973) was selected as the final, best fitting model and was used to calculate a BMD and BMDL. To avoid model extrapolation and any potential bias from genes with poorly fitting models, probes with an estimated BMD value greater than the highest dose or a goodness-of-fit p-statistic < 0.1 were removed from further analysis. Finally, Entrez Gene IDs were matched to their corresponding pathways using the GeneGo -Metacore™ database (Minibase version 6.20.66604_9549, GeneGo, St. Joseph, MI). Pathways with fewer than 5 genes with BMD value less than the highest dose and a goodness-of-fit p-statistic > 0.1 were removed from the analysis. The median BMD of all probes with valid BMD found in the pathway elements was used to summarize an aggregate pathway BMD. Details of these methods and their applications with gene expression data sets are available in other publications (Andersen et al., 2010; Clewell et al., 2011; Thomas et al., 2007) .
Results
Comparing gene expression in air-only exposed groups
To more fully characterize differences in gene expression across C57BL/6-WT, -KO and -TG mice, we evaluated the DEGs among aironly control mice across these strains (Table 2 ). In the first analysis, we evaluated genes with |FC| > 1.5 and FDR < 0.05 for air-exposed control mice in the 1 and 4 week groups and found consistency in changes of several genes that were related to metabolism (Table 2A) . Among the altered genes was Cyp2f2 (as expected in the C57BL/6-KO and C57BL/ 6-TG mice) and also Aox1, Ces1g Ces1f, Gpx2, Nqo1 (all of which were down-regulated in the C57BL/6-KO and -TG mice relative to -WT, Supplemental File 1). One possible explanation for these consistent changes in gene expression is that endogenous metabolites formed by normal basal functions of Cyp2f2 regulate these other genes. Over the longer times there were very few differences in gene expression with these dual criteria among these three C57BL/6 strains with the exception of the 26-week samples where there were nearly 1000 genes with |FC| > 1.5 and 295 genes meeting the dual |FC| and FDR criteria in the C57BL/6-WT versus C57BL/6-KO comparison. We used overrepresentation analysis to identify pathways enriched as animals age. The only enrichment with these genes differentially expressed in C57BL/6-WT versus C57BL/6-KO was for "signaling by TGFβ-receptor complex" among the down regulated genes. The eight genes with the greatest differential between C57BL/6-WT and C57BL/6-KO at 26-weeks were Ces1f (Carboxylesterase 1F), Pttg1 (Pituitary tumor transforming gene 1), Ces1g Carboxylesterase 1G), Fetub (Fetuin beta), Gpx2 (Glutathione peroxidase 2), Sec14l2 (SEC14-like lipid binding 2), Cyp2f2 and Nqo1 (NAD(P)H Quinone Dehydrogenase 1). Sec14l2 belongs to a group of lipid-binding proteins and the protein formed from the gene stimulates squalene oxidase to initiate formation of steroid structures that progress to cholesterol. None of these DEGs identified between C57BL/6-WT and C57BL/6-KO code for the Phase II activities, epoxide hydrolase or glutathione-S-transferases, that are associated with clearance of styrene epoxides.
In contrast to the C57Bl/6 intrastrain control comparisons, there were larger number of genes differentially affected when comparing the vehicle controls of C57BL/6-WT and CD-1 mice (Table 2B and 2C) . Because of the likely involvement of various Cytochrome P450 enzymes in conducting ring oxidations of styrene and various styrene metabolites, we produced a heat map evaluating significant changes in Cyp genes across all four strains at various times (Fig. 1) . As expected Cyp2f2 levels were higher in the C57BL/6 parental strain than in either the C57BL/6-KO or C57BL/6-TG and were comparable in the C57BL/6-WT and CD-1 mice at all examined time points. Cyp genes up-regulated in the control C57BL/6-WT compared to the control CD-1 mice included Cyp1a1, 2b10, 3a13 and Cyp51. Cyp2d22 and 7b1 were lower in C57BL/ 6-WT than in the CD-1 mice. The Cyp51 protein product (lanosterol 14-alpha demethylase) is a key enzyme in cholesterol synthesis and that of Cyp7b1 (25-hydroxycholesterol 7-alpha-hydroxylase) is the first enzyme in bile acid production from cholesterol. This heat map shows all differentially expressed Cyp genes in comparing C57BL/6-WT and CD-1. Cyp2e1, the cytochrome involved in side chain oxidation, does not appear in this comparison, indicating that the level of Cyp2e1 gene expression is equivalent between these two mouse strains.
Shorter-term response to styrene
With C57BL/6-WT mice there were significantly greater numbers of DEGs following 1-day exposure compared to 1-week exposures (Andersen et al., 2017) . When groups of all 4 strains of mice were exposed for 1-day at 10, 40 and 120 ppm, there were, as expected, from the earlier study, statistically significant increases in expression of a large number of genes in C57BL/6-WT mice relative to vehicle (0 ppm) controls. In contrast, there were virtually no statistically significant changes in gene expression in styrene exposed C57BL/6-KO or C57BL/ 6-TG animals relative to their respective vehicle (0 ppm) controls. When using a |FC| > 1.5 criterion without testing for statistical significance, more genes were identified as altered and the rank order for the numbers of genes affected was: C57BL/6-WT ≫ CD-1 > C57BL/6-TG > C57Bl/6-KO (Table 3) . Pathway analyses with the 1-day C57BL/ 6-WT mice had shown enrichment of pathways related to cell cycle, mitosis, cholesterol metabolism and DNA-replication/repair. We also conducted 1-day enrichment with IDEA rather than approaches that use specific selection criteria (Supplemental File 2). Using IDEA, the CD-1 and C57BL/6-WT mice had 51 enriched pathways in common, largely M.E. Andersen et al. Regulatory Toxicology and Pharmacology 96 (2018) 153-166 related to cell cycle and DNA replication. CD-1 had 7 pathways not shared with C57BL/6-WT, while the C57BL/6-WT mice had another 136 pathways that were enriched. The other seven CD-1 specific pathways were: repair synthesis of patch ∼27-30 bases long by DNA polymerase, recognition of dna damage by pcna-containing replication complex, translesion synthesis by Rev1, fanconi anemia pathway, circadian clock-2, Bmal1:Clock, Npas2 activates circadian gene expression and circadian clock. No pathways were enriched for the C57BL/6-KO mice. With the C57BL/6-TG mice, there was enrichment of 18 pathways with down-regulated genes, none of which were related to cell cycle/ mitosis or DNA-replication.
Cell proliferation (data not shown)
With the CD-1 mice exposed for 5-days, Ki-67 labelling was evaluated using methods described elsewhere (Cruzan et al., 2017) . The responses across exposures at 5-days were: 8.4 ± 2.3, 17.8 ± 3.1, 23.2 ± 1.9, 28.5 ± 2.8, 26.3 ± 8.6, 26.4 ± 4.4, and 30.3 ± 4.0% for the 0, 1, 5 10, 20, 40 and 120 ppm groups, respectively. No increase in labelling was seen in CD-1 mice with the 1-day exposures. With the C57BL/6-WT mice, Ki-67 labelling, though less than at 1-week, was already slightly increased after 1-day with labelling indexes of 1.1 ± 0.8, 1.4 ± 1.6, 3.2 ± 2.5 and 2.14 ± 1.6% for the 0, 10, 40 and 120 ppm exposures. In the earlier studies (Andersen et al., 2017) , bromodeoxy-uridine (BrdU) labeling in 120 ppm 1-week C57BL/6-WT mice was 34.2 ± 9.8 versus 5.1 ± 1.35% in C57BL/6-WT controls.
3.4. Different time-courses and BMDs for C57BL/6 and CD-1 mice By 1-week, the numbers of DEGs in the C57BL/6-WT mice had decreased substantially compared to 1-day exposure (Table 4 ). The pattern of response with the CD-1 mice, however, differed with a much Fig. 1 . Differences in Basal Expression of CYP450 genes in C57BL/6-WT, -KO, -TG and CD-1 mice. Genes that were differentially expressed in air-only controls were identified from the controls for the 1-day exposure in C57Bl/6-WT and the 1-week exposures in the CD-1 mice. There were 38 Cyp450's which differed significantly (FDR < 0.05) in the statistical contrast between 1-day C57BL/6-WT and 1-week CD-1. These 38 Cyp450s and Cyp2f2 are shown across time/age for the other timematched vehicle contrasts (5 replicate animal samples in each strain for all vehicle contrasts). Each contrast is shown as genes up-or down-regulated in C56BL/6 WT mice relative to the strain indicated in the denominator. Subscripts:
1 ratio of 1-day C57BL/6-WT vs. 1-week CD-1 (basis for selection of 38 statistically significant DEGs), 2 1-week C57BL/6-WT, vs. -KO, -TG and 1-week CD-1, 3 2-year C57BL/6-WT, vs. -KO, -TG and 2-year CD-1 series.
Table 3
Differential gene expression of styrene exposed animals, relative to vehicle control (0 ppm) in three genotypes of C57BL/6 mice and CD-1 wild type mice exposed to three concentrations of Styrene for 1-day. The numbers of unique genes meeting the stated threshold limit are indicated (i.e. redundant significant probes were counted once per Entrez Gene ID). Differential expression was determined by ANOVA. Genes Significant by Dose showed a statistically significant dose dependent response across all three exposures. Individual exposures were tested by orthogonal linear contrast. Table 4 Differential gene expression summary for short term exposures in C57BL/6 and CD-1 mice. All experiments used the same Affymetrix GeneTitan platform and array (HT_MG430_PM array) but were separated by dates of exposure. Mice in the 1 and 4 week exposures were all part of a single planned exposure experiment while exposures of 5-and 28-days were conducted in 2013. The C57BL/6-WT 1-day and CD-1 1-week dose response exposures involved the same initial lot of animals and were conducted at the same time period, in the same facility in 2014. Due to the observed differences in the magnitude of differential expression between these two 2014 experiments, these are compared using different magnitudes of change in the significance threshold (as indicated by *). Fig. 2 . Reactome ontology enrichment map for differentially expressed genes from 1-week exposures CD-1 mice lungs. The enrichment used the 3886 genes from the 5 ppm linear contrast result (Table 4) , which were statistically significant and showed a magnitude of change of at least 3-fold up-or down-regulation. The gene list was split into up-regulated only genes (2,490) and down-regulated only (1,396). In the enrichment map, nodes represent the named ontology categories from Reactome and edges indicate the relative relationships among nodes. Color indicates which gene list produced the significant enrichment, as indicated by the Venn diagram. Red nodes were enriched with up-regulated genes, green nodes by down-regulated genes and mustard nodes were enriched in with both gene lists. Colored nodes were significantly enriched (enrichment FDR < 0.05) and had a minimum of 5 query genes represented within the ontology category elements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) larger number of DEGs observed at 1-week (Table 4) compared to 1-day (Table 3 ). The dose response behavior also differed for the two Cyp2f2 expressing strains, C57BL/6-WT and CD-1. The maximal DEG response for the CD-1 mice occurred after 5-days exposure to 1 ppm with little change in the number of DEGs as exposure increased. The C57BL/6-WT 1-day response plateaued between 10 and 40 ppm and then increased sharply going from 40 to 120 ppm (Table 4) . Consistent with these more qualitative dose response observations, BMD estimates for 356 common MetaCore pathways with at least 5 query elements (genes) in the pathway (Supplemental File 3) were lower for the CD-1 mice (median BMD of 26.0 ppm) than for the C57BL/6-WT mice (median BMD = 53.2 ppm). The increased response in the C57BL/6-WT with increasing exposure concentration may reflect induction of a range of Cytochrome P450 proteins (Supplemental File 4). In rats, there was evidence of induction of styrene metabolism within 24 h at exposures above 80 ppm in rats (Andersen et al., 1984) . This earlier study had evaluated time and exposure alterations in clearance of inhaled styrene and no attempt was made to assess the particular CYP-enzyme activities associated with the enhanced clearance in these rats.
Common patterns of enrichment in C57BL/6-WT and CD-1 mice
Another styrene-exposure related difference between these strains was in the diversity of enriched pathways and the appearance of a larger number of down regulated pathways for the CD-1 mice (Fig. 2) . This pathway map was created by selecting genes from the 5 ppm exposure results using criteria of FDR < 0.05 and |FC| > 3.0 to limit the number of enriched pathways and create a more tractable map. Compared to the C57BL/6-WT enrichment at 1-day (Andersen et al., 2017), there was little evidence with these selection criteria for enrichment (among the up-regulated genes) for cholesterol metabolism. To provide a more consistent comparison for the two strains, we compared the 1-day exposure study with the C57BL/6-WT mice to the 1-week exposures in CD-1 using common criteria: |FC| > 2.0 and FDR < 0.05 at any exposure concentration. The map created using these criteria had a much larger suite of categories (Fig. 3) . To show the overall relationship between the strains, these results were displayed by labelling the larger aggregated parent categories without providing full detail on the downstream child processes. This depiction shows the larger numbers of affected pathways in the CD-1 mice across the various portions of the ontology (the green circles). Nonetheless, the C57BL/6-WT mice showed enrichment (red and yellow circles) in most of these categories but had a smaller number of affected child processes. Importantly, this difference in enrichment between C57BL/6-WT and CD-1 is not due to larger numbers of DEGs in CD-1 mice. As shown in Table 4 , the numbers of affected genes, using the same criteria (|FC| > 2), were similar at the highest exposure, 120 ppm, for 1-day versus 1-week exposures. There were differences in the dose response with many fewer DEGs at the concentrations below 120 ppm in the C57BL/6-WT mice. Some of the differences in enriched pathways noted between the two strains may be related to the differential time course of gene expression. Based on the limited time points sampled (1-and 5-days), there are clear difference in the time of peak response, obscuring direct comparisons at particular times of exposure. (For comparison with the 1-week CD-1 results in Fig. 2 , the enrichment map for the C57BL/6-WT mice from the earlier publication appears in Supplemental File 5). Fig. 3 . Comparing the Reactome ontology enrichment for WT and CD-1 mice. The genes selected were those with a significant dose dependent response across 6 concentrations (1, 5, 10, 20, 40 & 120 ppm) and with a minimum observed fold change of 2-fold up-regulated at any concentration after 1-day exposure in C57BL/6-WT (red nodes) and 1-week exposures in CD-1 mice (green nodes). All colored categories showed enrichment with more than 5 query elements and an enrichment FDR < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
Longer-term gene expression
When examining the differential gene expression responses across increasing age for each mouse strain, there were large numbers of DEGs from one age to another independent of styrene exposure (Table 5 ). In addition, we found that there were specific time points with surprisingly large changes in DEGs for each strain at the 120 ppm exposures (Table 6 ). On a qualitative basis, principal component plots for all strains (Fig. 4) showed the inclusion of the treated and untreated samples in common ellipsoids across durations of exposure, indicating that age rather than styrene exposures had the larger influence on gene expression across different ages in response to styrene exposures. These shifts in patterns over time showed some consistency in all strains (looking at the order of the green, yellow, blue and red ellipsoids). In addition, the 104 week ellipsoids show clustering of treated and untreated samples into separate groupings for both the C57BL/6-WT and CD-1 mice. The C57BL/6-KO mice had overlap in the distribution at 26-and 52-weeks, but wider separation in the 78-and 104-week data clouds. The C57BL/6-TG mice showed the most variable response at 78 weeks (the broad blue data distribution in the figure). As seen with the C57BL/6-WT and CD-1 mice, the C57BL/6-KO had the largest variability in the PCA plot at 104-weeks. Fig. 5 shows Venn diagrams for the genes significant by both FDR < 0.05 and |FC| > 1.5 fold for maximal time of response: that is, 104-weeks for the CD-1, C57BL/6-KO and C57BL/6-WT mice, and 78-weeks for the C57BL/6-TG mice. For this analysis, we grouped the genes into three categories based on the 2-way ANOVA analyses: those affected primarily by styrene exposure, those affected by age and those affected by the interaction of age and styrene exposure. In this figure, the genes in beige are those influenced by exposure to styrene; those in the pale green are influenced by both styrene and age (i.e., by the interaction of the two factors); and, those in light blue are the genes influenced by age alone. Enrichment was conducted with each of these groupings of genes.
Pathway enrichment with pre-selected genes
Using the exposure-related genes exclusively in the blue Venn diagram circles, C57BL/6-WT and CD-1 mice of both strains had significant enrichment for only one larger parent category -metabolism. The child processes differed. Of the 848 genes in the exposure only group with CD-1 mice, 219 fell into the metabolism category and 80 of those were in metabolism of lipids and lipoproteins. With the C57BL/6-WT, 72 of the 269 were in the metabolism category and 15 of these were in biological oxidations. C57BL/6-KO mice showed no significant enrichment at all with their list of 305 genes. Only the C57BL/6-TG mice (1640 genes) showed more than a single category in Reactome with Table 5 Differential gene expression from a one-way ANOVA (by Time) for air control vehicle samples only from the long term styrene exposure. Genes showing an overall time dependent response are shown as well as changes between individual sampling points. The pair wise contrasts show the consistently large number of genes altered from one time to another across the four sampling points over 2-years in just vehicle control animals. The numbers of statistically significant genes are shown, and changes with the addition of a simultaneous magnitude of change cutoff are indicated in parenthesis. 4666 (1621) 1675 (735) 4139 (1530) 937 (561) Table 6 Differential gene expression from a 2-way ANOVA (time (i.e. age) and styrene exposure ( M.E. Andersen et al. Regulatory Toxicology and Pharmacology 96 (2018) 153-166 enrichment of mitochondrial translation processes associated with organelle biogenesis and maintenance and metabolic process branching from the citric acid cycle and electron transport. When the full set of DEGs were assessed, there was broad enrichment of so many pathways that it was difficult to assess any patterns of response related to the styrene exposures. These larger gene sets are essentially those affected by the age of the mice.
Changes in transcription factor gene expression over time
Our original analyses of exposures through 26-weeks (1-day, 1-, 4-and 26-weeks) identified a group of 74 transcription factor (TF) genes that were altered, with |FC| > 1.5 in at least one of the longer-term exposures. Fig. 6 clusters these same transcription factors across all four strains, including both the shorter duration exposures and the exposures extending to two years. The key findings through 26 weeks were in several groupings shown in white boxes. First, the dense yellow clade at the top of the heat map with the C57BL/6-WT had multiple genes up-regulated by styrene exposure, Dbp, Nr1d1, Hlf, Nr1d2, Tef, Per, Per3 and Bhlhe40, that are related to circadian cyclicity and linkage of the circadian cycle to cellular metabolism through D-box proteins (Jolley et al., 2014) . The other clade of down-regulated TF genes included Arntl, Nr4a3, Nfil3, Npas2, Nr41. Arntl (also called Bmal) and Npas2 are involved in feedback loops regulating circadian rhythmicity; Nfil3 is a negative regulator of D-box signaling and the nuclear receptor family 4a proteins are involved in multiple cellular pathways including regulation of cholesterol synthesis and cell proliferation. Other Nr4a family genes, appearing here in different groupings, were also downregulated in C57BL/6-WT mice at 26 weeks. Although there were consistent changes through 26-weeks in the C57BL/6-WT, the heat map here shows clearly that these changes did not persist through later ages in the C57BL/6-WT. Dbp was actually up-regulated at 104-weeks. Of the initially down-regulated genes, Arntl also changes direction of control at 104-weeks compared to 26-weeks. Similar behavior of these groups of TF genes were present in the CD-1 mice; however, many of these changes in the CD-1 mice persisted through the 104-weeks and had a Table 6 for the long term chronic exposure experiment for the age of maximal response. These diagrams show the overlap in genes that were significant simultaneously for a statistical threshold (FDR < 0.05) and a magnitude of change (|FC| > 1.5; blue circles) relative to those with an overall exposure dependent (green circles) and time dependent (age; red circles) response. Orange highlighted values are those affected by exposure but not age; green highlighted values are those affected by both exposure and age; blue highlighted values are those affected by age only. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) Fig. 6 . Changes in Circadian Cycle TF Genes and Associated TF genes that link Circadian Cycling and Cellular Metabolism. The 74 transcription factors identified in C57BL/6-WT mice in Andersen et al., (2017) are assessed across age and strain. Rows were centered to a mean of zero prior to clustering to emphasize relative differences. Key TF genes are shown in white outlined boxes and indicated in the ordered lists on the left. consistent direction of change. Dbp and Arntl were, respectively, up and down-regulated at 104-weeks in CD-1 mice. Changes over time with the C57BL/6-KO and C57BL/6-TG mice were more irregular and did not show the change in direction of regulation as seen with the C57BL/6-WT.
Discussion
Differential gene expression in air only controls
Our microarray analysis of vehicle control (0 ppm) mice across time showed reduced Cyp2f2 expression in the C57BL/6-KO and C57BL/6-TG relative to the C57BL/6-WT, although the difference in gene expression was relatively modest, about 2-3-fold. In characterizing the C57BL/6-KO mouse (Li et al., 2011) , neither Cyp2f2 protein nor mRNA was detected. The analysis in the original paper was by quantitative-PCR and our microarray method is likely less sensitive in determining the fold change between the strains. Nonetheless, the whole genome expression studies here do show clear differences between the strains and the presence of increased Cyp2f2 mRNA in both the C57BL/6-WT and CD-1 mice. Four other genes were also consistently changed in the C57BL/6-WT compared to either C57BL/6-KO or C57BL/6-TG: Ces1g, Gpx2, Lmbr1 and Ces1f. These same genes were differentially expressed at 4-weeks along with Aox1, Mia1, Nqo1, Acsm1. All of these genes, except Lmbr1 and Mia1, code for enzymes -carboxylesterases, glutathione peroxidase, aldehyde oxidase, NAD(P)H-quinone dehydrogenase and acyl Co-A synthetize medium chain. Importantly, there was no evidence for alterations in known styrene oxide detoxifying enzymes, i.e, epoxide hydrolases or glutathione transferases -between C57BL/6-WT and C57BL/6-KO at the 1-week, 4-week and 26-week sampling times, indicating that the differential toxicity in the C57BL/6-KO mouse is due to a lack of Cyp2f2 metabolism rather than differential ability of the C57BL/6-WT and C57BL/6-KO mice to detoxify RO-metabolites through Phase II enzymes.
Short-term transcriptomic responses to styrene require Cyp2F2
Very few changes were seen in gene expression with the C57BL/6-KO or C57BL/6-TG mice exposed for either 1-day or 1-week. A large number of genes were differentially regulated by styrene with 1-day exposure in the C57BL/6-WT or 1-week exposure in the CD-1 mice. Using the FDR < 0.05 and |FC| > 2.0 criteria, there were 6409 DEGs for the 1-day 120 ppm exposure in C57BL/6-WT and 6162 DEGs for the 120 ppm 1-week exposures in the CD-1 mice with enrichment of similar Reactome pathways in these two strains. The time dependent response over the 1-week period differed in CD-1 mice -with little change in gene expression following 1-day and broad enrichment of a diverse group of pathways at 1-week.
Pathways for DNA synthesis and surveillance of DNA integrity predominate in the 1-day IDEA enrichment for with the CD-1 mice (Supplemental File 2). With enrichment for the 1-day, DNA replication/ repair is enriched although represented by proportionately fewer pathways in the C57BL/6-WT. This difference correlates with the more rapid activation of cell proliferation pathways in the C57BL/6-WT mice as evident by the small increases in Ki-67 labeling already apparent after the single exposure. The CD-1 mice, although showing no increased Ki-67 labelling at 1-day, appear to be preparing for proliferation with activation of DNA replication/repair pathways that would ensure fidelity of DNA-synthesis in daughter cells. These particular pathways are normal functional elements of cell proliferation and growth not necessarily linked to any genotoxicity response pathways (e.g. p53-dependent DNA damage response pathway).
In the course of evaluating lung responses to styrene exposures, we also collected liver samples from C57BL/6-WT mice for genomic analyses. Metacore pathway enrichment in this tissue (unpublished results shown in Supplemental File 6) showed the most significant enrichment for pregnane-x receptor (PXR) signaling. Both our extensive analysis of lung gene expression and more limited investigation of liver responses, indicate that molecular initiating events for styrene interactions involve interaction of Cyp2f2 pathway metabolites with nuclear receptors and coupling of NR activation to proliferation in the distal portions of the lungs. At present, the identity of the NR-target, whether PXR, NR4A proteins, LXR, etc., is not yet clear.
The time course behaviors in C57BL/6-WT and CD-1 gene expression clearly indicate differences in production and clearance of active metabolites with the gene expression time-courses indicating a more rapid appearance of active ROMs in C57BL/6-WT mice. These response time-courses could also be affected by induction of metabolic processes at the higher styrene concentrations following high level styrene exposures. With both the 1-day exposures in C57BL/6-WT and the 1-week exposures in CD-1 mice, there were consistent differences between the strains in certain Cyp gene expression (Supplemental File 4) indicative of enzyme induction. Cyp51 and Cyp7b1, involved in cholesterol and bile acid synthesis, respectively, were up-regulated in both strains. Cyp39a1 (involved in oxy-sterol metabolism), and 2j6, 4v3 and 2j9 were all down-regulated in C57BL/6-WT and up-regulated in CD-1 mice. Conversely, Cyp2j13, 26b1 (retinol metabolism), 4f16, 4f13 and 4f18 were generally up-regulated in C57BL/6 and down-regulated in CD-1. In general, CD-1 mice had increases in Cyp2 family genes and decreases in Cyp4 genes. These two families are involved in epoxidation of unsaturated fatty acids (Cyp2) and ω-and ω-1 oxidation of fatty acids (Cyp4), respectively. Products formed from these pathways are involved in the initiation and control of inflammation and clearance of bioactive fatty acid metabolites (Johnson et al., 2015; Westphal et al., 2015) . Inflammatory pathway responses were also more intense in the CD-1 mouse, i.e., the strain that has a greater propensity to form lung tumors on exposure to styrene. The more extensive enrichment of stress and immune system pathways in CD-1 mice is also consistent with the increases in Cyp2 family and decreases in Cyp4 family gene expression (Fig. 7) .
Styrene exposures and tumors
The differential sensitivity of mouse strains to development of lung tumors segregates with the pulmonary adenoma susceptibility 1 (Pas1) locus (Maria et al., 2003) , a DNA region on chromosome 6 containing six genes, Bcat1, Lrmp, Las1, Ghiso, Kras2 and Lmna-rs1. Of the six, only Kras2 is a known target of mutation in lung tumors. This mouse Pas1 locus is also an expression QTL (quantitative trait loci) for a Kras splice variant, Kras4, that may play a role in the higher tumor response in susceptible strains (Dassano et al., 2014) . Other studies have focused on segregation of inflammatory responses to subcutaneously (sc)-administered polyacrylamide beads across mouse strains with the PAS loci. A phenetic tree based on the intensity of these inflammatory responses indicated that C57BL/6 mice segregated with strains that lacked the PAS1 loci (Maria et al., 2003) while CD-1 mice carry the PAS1 susceptibility allele.
Based on this strain-specific segregation of greater inflammatory response with tumors, the more extensive immune pathway responses of the lung to styrene exposures in the CD-1 compared to the C57BL/6 should also play a role in differential carcinogenicity in these two strains. While both strains showed enrichment for Toll-like Receptor cascade, CD-1 mice (Fig. 7) have enrichment for other portions of "Innate Immune System" and "Adaptive Immune System" and "Cytokine Signaling in Immune System".
Differentiating responses to styrene from those due to aging
Rats and mice are the standard species for assessing tumor formation on long-term exposures. Especially, in assessing likely MOA of chemicals known to cause tumors, various time-course studies have examined tissue response that precede and/or accompany development of tumors, such as proliferation, hyperplasia and histopathology (Corton et al., 2014; Elcombe et al., 2014) . To our knowledge, this is the first carefully-controlled study that has evaluated gene expression through the course of a lifetime exposure, examining gene expression in both control and treated mice at every sampling time. Not unexpectedly, lung gene expression in controls for the 4 strains of mice changed markedly with age. The comparisons from one sampling period to the next (Table 5) showed relatively few changes from 26-weeks to 52-weeks, except in the C57BL/6-WT with 3600 affected genes. Comparing the age sequences: 52-26, 78-52 and 104-78 weeks, the numbers of DEGs changes per time period were 3,600, 601, and 937 for the C57BL/6-WT; 2, 4,124, and 4139 for the C57BL/6-KO; 15, 10,009 and 4666 for the C57BL/6-TG; and, 1, 110 and 1675 for the CD-1 mice. These extensive age-dependent changes in the final half (after 52-weeks) of the 2-year study were smallest for the outbred CD-1 mouse and greatest in the C57BL/6-TG.
Our analysis of effects of styrene on gene expression across age attempted to account for changes in gene expression due to the effects of age versus differentially expressed genes affected by styrene exposures alone. (Table 5 ; Fig. 5 ). The styrene exposure dependent genes with the CD-1 and C57BL/6-WT mice were only enriched for metabolism related pathways. As with the pattern of altered expression of cholesterol metabolizing genes in short-term exposures, the affected pathways differed for the C57BL/6-WT and CD-1 mice. Thus, while the histopathological and phenotypic responses through time are similar in the two strains, gene expression at shorter times and throughout the exposure are suggestive of differences in pathways of metabolism.
Several Cyps were among the genes that are affected by styreneexposure alone over the 2-year chronic exposure. While we had detected Cyps differentially expressed with exposure to styrene in the previous analyses (discussed above), those short term studies had not included any time dependency. Three Cyps that showed no time-dependent changes but significant styrene exposure changes over 2-years, Cyp19a1, 11b1 and 2b9, were common to the two strains and code for aromatase, steroid 11−β-hydroxlase and testosterone-16-β-hydroxylase, respectively. With CD-1, Cyp2s1, 2e1, 1a2 and 4f13 were also differentially affected. With the C57BL/6 mice, Cyp2f2 was identified among the styrene-alone affected genes. The identification of Cyp2e1 and Cyp2f2 involvement in styrene-responses over age in these strains of mice would be expected based on the role of Cyp2f2 products in responses to styrene and competitive processes between these two Cyps in regulating net flux into pathways producing ROMs.
There were also extensive changes in a large number of genes affected by both age and exposure to styrene. Our interpretation of these age-related changes in gene expression is that styrene exposures interact with aging changes and modify the patterns/time-course of agedependent gene expression. The interaction between styrene exposure and age appeared earlier with the C57BL/6-TG mice (78-weeks, 5184 genes, Table 6 ) and was then absent at 104-weeks. With the other three strains the age and styrene interactions were only evident at 104-weeks (Table 6 bottom row). The similarities for this interaction across all groups indicates that these changes are more associated with aging processes than with responses to styrene.
Transcription factor alterations with longer-term exposures
The differential expression of some TF genes was evaluated for the longer-term exposures, extending from 1-week through 104-weeks for the C57BL/6-WT, -KO and -TG and just for the 26-through 104-week times with the CD-1. The 1-week CD-1 was not used since the intensity of gene expression was at a maximum and the goal was to determine if adaptive changes in TF-networks might be involved in the diminution of magnitude of response over longer-times. A significant difference between C57BL/6-WT and CD-1 was noted in the persistence of changes in several TF genes throughout the two years in the CD-1 mouse, especially with Arntl and Dbp. Alteration of peripheral organ circadian cycle genes have been postulated as a mechanism of physiological disruption leading to organ-specific cancers (Fu and Kettner, 2013) including promotion of lung cancer in Arntl and Per2 knock-out mice (Papagiannakopoulos et al., 2016) . The model (embryonic stem cell genetically modified mice, backcrossed to C57BL/6-WT) used in assessing the influence of the Arntl-knockout on lung tumor formation Fig. 7 . Differences in Immune System Enrichment between C57Bl/6-WT (1-day exposures) and CD-1 mice (1-week exposures). This expanded image shows details of the immune pathway contributors in Fig. 3 , highlighting the larger suite of pathways affected in the CD-1 mice.
M.E. Andersen et al. Regulatory Toxicology and Pharmacology 96 (2018) 153-166 was a Kras LA2/− mouse that expresses an oncogenic mutant Kras protein. Arntl-KO mice on this Kras LA2/-background had a higher tumor surface multiplicity and decreased survival. The behavior with styrene in the CD-1 mouse is one of reduced expression of Arntl rather than the absence of expression. Nonetheless, both the presence of the Pas1 loci, decreased Arntl-expression and markers of immune response/inflammation in the CD-1 strain are expected to contribute to the greater susceptibility of CD-1 mice to lung tumors compared to the C57BL/6 mice.
Summary
The studies described here represent a carefully controlled evaluation of the gene expression changes across a full two years coupled with phenotypic measures of responses in satellite groups of mice sacrificed at various times. In this regard, it is a unique contribution and resource describing changes in gene expression in these mice both with and without styrene across their entire lifespan and extracting, to the extent possible, the interaction of styrene exposure with age. In addition, the gene expression results in C57BL/6-WT and C57BL/6-KO mice reinforce the conclusion that lung responses to styrene in C57BL/6 mice are completely dependent on metabolism through Cyp2f2 and do not involve DNA damage or repair pathways. The absence of response in the humanized C57BL/6-TG mouse containing the three human Cyps, Cyp2F1, 2A13 and 2B6, indicates that the mouse lung response is not expected in humans. Because the humanized mice do not show any indications of responses in the lungs, neither the short-term toxicity nor the carcinogenicity occurring in styrene exposed mice should be considered relevant for human health risk assessments for styrene. Finally, enhanced tumor susceptibility to styrene exposures in the CD-1 versus the C57BL/6-WT mice correlated with the presence of the PAS1 loci, more intense markers of short-term inflammatory pathways, and persistence of alterations in circadian TF genes in the more susceptible strain. Gene expression analysis in lungs of mice exposed to other mouse-specific lung carcinogens should be useful in assessing the generality of the mitogenic mode-of-action observed with styrene.
